The stereochemical course of the reaction catalysed by endo-1,3-1,4-/3-D-glucan 4-glucanohydrolase (EC 3.2.1.73) has been determined by 1H n.m.r. The enzyme-catalysed hydrolysis of barley ,3-glucan proceeds with overall retention of the anomeric configuration, indicating that the enzyme operates through a double-
INTRODUCTION
Glycosidases catalyse the stereospecific hydrolysis of glycosidic bonds in oligo-and poly-saccharides proceeding either with retention or inversion of configuration at the anomeric centre. It is generally accepted that the mechanism for glycosidases acting upon their natural substrates involves general acid catalysis (Sinnott, 1990) , a carboxy group (Asp or Glu) being implicated in most of the known cases [i.e. HEW-lysozyme (Malcolm et al., 1989) , T4-lysozyme (Anand et al., 1988) , glucoamylase (Sierks et al., 1990) ] or a tyrosine residue [/3-galactosidase (Ring et al., 1988; Ring and Huber, 1990) ], but not a histidine residue. Inverting enzymes are believed to operate through a singledisplacement mechanism by a water molecule whose nucleophilicity is enhanced by an enzyme general base, as first suggested by Koshland (1953) . For enzymes yielding net retention of the anomeric configuration, a double-displacement mechanism of some kind is fairly well established. Whether it proceeds through a covalent glycosyl-enzyme adduct or the intermediate exists as an oxocarbonium ion-paired to an enzyme carboxylate(s) is subject to current controversy (Sinnott, 1990; Hardy and Poteete, 1991) .
Cereal /3-glucans containing mixed /3-1,3 and /-1,4 glucosidic linkages are hydrolysed by endo-1,3-1,4-/3-D-glucan 4-glucanohydrolase (/-1,3-1,4-glucanase; EC 3.2.1.73). Because of its importance in carbohydrate technology (Godfrey, 1983; Dierick, 1989) , this enzyme is being studied at the molecular level to establish the details of its enzymic function. Microbial /l-1,3-1,4-glucanases are the best characterized, and a number of genes from different Bacillus species have been cloned and sequenced (Cantwell and McConnell, 1983; Hofemeister et al., 1986; Borris et al., 1988; Bueno et al., 1990; Gosalbes et al., 1991; Lloberas et al., 1991; Louw et al., 1993) . The specificity of the enzyme and deduced minimum binding requirements have been inferred from the structure of the products of complete enzymic hydrolysis of barley and oat /3-glucans (Parrish et al., 1960; Moscatelli et al., 1961; Anderson and Stone, 1975) , and from the kinetics of irreversible inhibition by active-site-directed inhibitors bearing displacement mechanism. The structures of the final oligosaccharide products, 3-/3-O-cellobiosyl D-glucopyranoside and 3-,6-O-cellotriosyl D-glucopyranoside, have been completely assigned by 1H-and 13C-n.m.r. spectroscopy.
an epoxide function (epoxyalkyl oligoglucosides) able to react with enzyme nucleophiles (H0j et al., 1989) .
Progress in the identification of active-site residues has been recently reported. Site-directed mutagenesis in our group on the B. licheniformis P/-1,3-1,4-glucanase (Planas et al., 1992a) has shown that the substitution of Glu-134 with Gln yields an enzyme with nearly abolished activity, suggesting its essential role in catalysis. Consistent with these results, H0j et al. (1992) have reported, for the very sequence-similar B. amyloliquefaciens enzyme, that Glu-105 (the equivalent residue to licheniformis) is covalently modified by epoxide-based inhibitors, suggesting that this residue is the likely catalytic nucleophile. Further support comes from the recently determined threedimensional structure of a hybrid /4-1,3-1,4-glucanase from B. amyloliquefaciens and B. macerans by X-ray crystallography at a resolution of 0.2 nm (2.0 A) for the free enzyme and at 0.28 nm (2.8 A) for a covalent protein-inhibitor complex with 3,4-epoxybutyl fl-D-cellobioside (Keitel et al., 1993) . The inhibitor is covalently bound to Glu-105, demonstrating again the central importance of this residue in enzyme catalysis.
The enzymic hydrolysis of barley ,-glucan yields 3-/3-Ocellobiosyl D-glucopyranose (1) and 3-/3-O-cellotriosyl Dglucopyranose (2), indicating that the enzyme cleaves /3-1,4 glycosidic bonds adjacent to /3-1,3 linkages. The structures of these final products were deduced by chemical methods (Parrish et al., 1960) and by enzymic degradation with cellulases (Lloberas et al., 1988) , but no spectral data have been reported so far. Further mechanistic studies require knowledge of the stereospecificity of the catalytic hydrolysis as inverting or retaining to distinguish between possible mechanisms and assign the functional role of specific essential active-site residues.
In this work we have determined the stereochemical course of the hydrolysis of barley /3-glucan by monitoring the reaction by 'H-n.m.r. spectroscopy. We show that recombinant B. licheniformis /-1,3-1,4-glucanase acts with retention of the anomeric configuration, and the structures of the tri-and tetra-saccharide products are confirmed by assignment of their 1H-and '3C-n.m.r.
data.
Abbreviations used: /-1,3-1,4-glucanase, endo-1,3-1,4-fl-D-glucan 4-glucanohydrolase (EC 3.2.1.73); Dp, degree of polymerization; PNPC, pnitrophenyl ,B-D-cellobioside; 2D, two-dimensional; TOCSY, total correlation spectroscopy; ROESY, rotating-frame nuclear-Overhauser-enhancement spectroscopy; DQF-COSY, double-quantum-filtered correlated spectroscopy; HMBC, inverse heteronuclear multiple bond correlated spectroscopy; HMQC, inverse heteronuclear multiple quantum correlated spectroscopy.
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MATERIALS AND METHODS Enzyme
/,-1,3-1,4-Glucanase was obtained from recombinant Escherichia coli HB1O1 harbouring a B. licheniformis /l-glucanase expression plasmid as reported by Planas et al. (1992a,b) . Enzyme concentration in all runs was determined by u.v. spectrophotometry [6280 0.0145 cm-' ml ag-1 (Lloberas et al., 1988) ].
Stereochemical analysis 1H-n.m.r. spectra were recorded on a Varian Unity 500 spectrometer. The enzyme and barley /3-glucan (Sigma) were freezedried three times from 99.8 % 2H20 prior to n.m.r. monitoring of enzymic hydrolysis. Experiments were performed at 28°C in unbuffered 2H20, using a final polysaccharide concentration of 6.4 mg/ml and 1,ug/ml of enzyme. Spectra were recorded at regular intervals during the first hour, and after 5, 10, 24, 48 and 72 h. The residual 1H2HO signal was minimized using inversionrecovery (time between pulses 4.5 s). Each experiment was run with four scans, using an acquisition time of 4 s per scan and a time delay between every train of pulses of 3 s. Integration of the resonance signals in the anomeric region was performed after baseline correction with a third-order polynomial function.
Reducing-sugar assays
The net release of reducing sugar equivalents during the enzymic hydrolysis of barley /,-glucan under the conditions of the 'Hn.m.r. experiments was monitored by the Somogyi-Nelson method (Somogyi, 1952; Nelson, 1944) . Reducing power was expressed as equivalent glucose concentration.
H.p.l.c. monitoring of enzymic hydrolysis Qualitative oligosaccharide distribution in the degree-ofpolymerization (Dp) range 3-10 during the enzymic process and quantitative composition of final tri-and tetra-saccharide was monitored by h.p.l.c. Samples of 200,tl from a solution of barley ,-glucan and enzyme in 99.8 % 2H20 under the same conditions as those described in the 'H-n.m.r. experiment were taken at regular time intervals, and the reaction was quenched by immersing it in an ice/salt bath and adding 10 ul of 20 sulphosalicylic acid. H.p.l.c. analysis was performed using an analytical 300 mm x 7.8 mm Aminex HPX-42A column (Bio-Rad) (water as eluent at 0.6 ml/min; 85°C; refractive-index detector).
Isolation of oligosaccharides A solution of 300 mg of barley ,3-glucan in 37.5 ml of 87.2 mM phosphate/6.5 mM citrate buffer, pH 7.2, was incubated at 55°C overnight with B. licheniformis #-1,3-1,4-glucanase (7.8 jtg). The double-quantum-filtered correlation-spectroscopy (DQF-COSY) experiment was performed in the phase-sensitive mode using the method of States et al. (1982) . A data matrix of 256 x 2K points was used to digitize a spectral width of 1500 Hz; 16 scans were used per increment, with a relaxation delay of 2 s. The 900 pulsewidth was 7.5,s. Prior to Fourier transformation, zero-filling was used in F, to expand the data to 2K x 2K. The clean two-dimensional (2D) total-correlation-spectroscopy (TOCSY) experiment (Griesinger et al., 1988) was carried out in the phase-sensitive mode using MLEV-17 (Malcolm Levit sequence) to isotopic mixing. The mixing time was set to 100 ms. A data matrix of 256 x 1K points was used to digitize a spectra width of 1500 Hz; 16 scans were used per increment with a relaxation delay of 2 s. The 900 pulsewidth during the mixing period was 22.5,s. Squared-cosine-bell functions were applied in both dimensions, and zero-filling was used to expand the data to 2K x 2K. The 2D rotating-frame nuclear-Overhauser-enhancement spectroscopy (Bothner-By et al., 1984 ) (ROESY) experiment was recorded in the phase-sensitive mode. The spin-lock period consisted of a train of 300 pulses (2.5,as), separated by delays of 50 as (Kessler et al., 1987) . The total mixing time was set to 300 ms. The radio-frequency carrier was set at 8 6.0 p.p.m., downfield from the most deshielded anomeric proton to minimize spurious Hartmann-Hahn effects (Bax and Davis, 1985) . A data matrix of 256 x 2K points was used to resolve a spectral width of 2600 Hz. 16 scans were used per increment with a relaxation delay of 2 s. Squared sine bell functions shifted by or/3 were applied in both dimensions and zero-filling was used in F, to expand the data to 2K x 2K. The pure absorption one-bond proton-carbon correlation experiment was collected in the 1H-detection mode using the inverse-heteronuclear-multiplequantum-correlated-spectroscopy (HMQC) pulse sequence (Bax and Subramanian, 1986 ) and a reverse probe. A data matrix of 256 x 2K points was used to resolve a spectral width of 1500 Hz; 16 scans were used per increment with a relaxation delay of 2 s and a delay corresponding to a J value of 145 Hz. A binuclearrotation-decoupling ('BIRD') pulse was used to minimize the proton signals bonded to 12C. '3C-decoupling was achieved by the WALTZ decoupling scheme. Square-cosine-bell functions were applied in both dimensions, and zero-filling was used in F, to expand the data to 2K x 2K. The multiple-bond protoncarbon correlation experiment was carried out in the 1H-detection mode using the inverse-heteronuclear-multiple-bondcorrelated-spectroscopy (HMBC) pulse sequence (Bax and Summers, 1986 ) and a reverse probe. A data matrix of 256 x 2K points was used to resolve a spectral width of 1500 Hz; 64 scans were used per increment with a relaxation delay of 2 s and a delay of 60 ms. The processing was performed in the absolute mode after zero-filling in F, to a 2K x 2K data matrix.
RESULTS
Enzymic hydrolysis /3-1,3-1,4-Glucanase from B. licheniformis shows a maximum activity at pH 7.0 and 55°C (Lloberas et al., 1988; Planas et al., 1992a) . Preliminary experiments had shown that the enzyme is active in distilled water, so that the n.m.r. spectra were recorded in unbuffered 2H20. Isotopic effects, if present, have not been (Figure 3b) . Thus cross-peaks between the anomeric proton of the residue C and the region of H-3, H-4 and H-5 of residue B could be observed, along with other connecting H-I of residue B with H-3 of unit A. Since nuclear-Overhauser-enhancement cross-peaks are dependent on the conformation around the glycosidic bonds (Neuhaus and Williamson, 1989) , the existence of these cross-peaks does not guarantee a knowledge of the exact position of the linkage, although at this stage it can be assumed that 8-Glcp-C is (1-+4)-or (1-*3)-linked to Glcp-B, which is connected via a (1-+3) linkage to Glcp-A. It was possible to discriminate among these alternatives and to ascertain all the configurations of the residues by using an HMQC experiment (Figure 4) , which maps the connectivities between carbon atoms and their directly bonded protons. Carbon chemical-shift values are given in Table 2 . The chemical shifts of the anomeric carbons indicate unequivocally (Bock et al., 1984, 1982) that monosaccharides B and C are ,l-Glcp residues. On the other hand, the observed deshielding of C-3 of residue A allows to assign it as a 3-0-substituted /8-glucopyranoside unit, while the measured 13C-n.m.r. C-4 chemical shift indicates unequivocally that residue B is a 4-0-substituted /3-glucopyranoside unit (Bock et al., 1984 (Bock et al., , 1982 (Bock et al., , 1991 .
The primary sequence was confirmed by using an HMBC experiment, which shows long-range connectivities between carbon atoms and their coupled protons through two or three bonds. By using this technique, coupling across the glycosidic linkages can be unequivocally detected. The above-discussed connectivities and substitutions were confirmed and permitted one to propose the following structure for trisaccharide 1:
,3-Glcp-(1 -*4)-fl-Glcp-(1 -*3)-Glcp-4.75 3.40 3.67 3.66 3.63 3.98 3.81
The 'H-n.m.r. and 13C-n.m.r. spectra of the anomeric region of Tables 1 and 2 respectively, and agree with a tetrasaccharide structure that possesses an additional ,Bglucopyranose moiety 4-0-linked to residue C. Thus tetrasaccharide 2 has the following sequence:
Structure of the tri-and tetra-saccharides 1 and 2 The high-resolution 1H-n.m.r. spectrum and proton-decoupled 13C-n.m.r. spectra of compound 1 in 2H20solution showed four anomeric signals, two of them corresponding to the a: equi- for 'H-n.m.r. monitoring of a cellobiohydrolase from the cellulase complex of Cellulomonasfimi. ,-Cellobiosyl fluoride has proved to be a reactive substrate for cellobiohydrolases, and it has been used to establish the stereochemical courses of enzymes from Trichoderma reesei (Knowles et al., 1988) and T. emersonii (Brooks et al., 1992) (Sinnott, 1990) . This side reaction has not yet been observed, since only studies with large polymeric substrates have so far been performed. The use of low-molecular-mass oligosaccharide substrates will facilitate the detection of transglycosidation products.
The assignment of the 'H-and '3C-n.m.r. data of the tri-and tetra-saccharide products 1 and 2 confirms the structures previously elucidated by chemical degradation (Parrish et al., 1960) . Other /3-glucanases of different substrate specificity are also able to depolymerize barley ,J-glucan. In fact, Bock et al. (1991) have determined the cleavage specificity of the active component of a commercial preparation from A. niger (Finizyme; NovoNordisk). On the basis of the structures of the final oligosaccharide products assigned by n.m.r. spectroscopy (see the Results section), it was concluded that the enzyme had cellulase (EC 3.2.1.4) specificity, hydrolysing f,-(1-+4) linkages, except in structures where the reducing end unit is 3-substituted. Hydrolysis of the latter type of linkage is only observed with the ,l-1,3-1,4-glucanase as described here, demonstrating that the
